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Abstract
Pedogenesis, soil weathering and paleohydrology play important roles in our paleoenvironmental
interpretations. Thin section and clay mineral analyses, combined with extensive field descriptions,
were conducted on paleosols and fluvial gravels deposited within a Pliocene paleo-sinkhole that
existed in northeastern Tennessee at the Gray Fossil Site (GFS). Low-chroma soil colors and
abundant redoximorphic features occur in the paleosols in the lower portion of the soil profiles. In
contrast, the upper portions of the soil profiles have high-chroma soil colors and very few
redoximorphic features. Volcanic and metamorphic (schistose and gneissic) quartz grains, as well
as various forms of chert were petrographically identified in the silt- and sand-size fractions. XRD
analyses revealed that the dominant clay, in both the pedogenic {<0.1µm) and detrital (>1 µm)
fractions, was kaolinite. Each paleosol represents a period of geomorphic stability following fluvial
gravel deposition. The paleosols had experienced redoximorphy early in their pedogenic history;
this is evident because Fe-Mn coatings filled soil macropores prior to the accumulation of
translocated clay. The upward transition from mostly reducing conditions to an overall oxidizing
environment may represent a climate shift from warmer, wetter conditions in the later part of the
Pliocene to the cooler, drier conditions of the Pleistocene and Holocene. Volcanic and
metamorphic quartz grains, unlike chert grains, are not derived from the local carbonate bedrock
and are interpreted as extrabasinal grains derived from the Neoproterozoic Mt. Rogers and
Grandfather Mountain Formations >50km away from the GFS, despite extreme entrenchment of
most Appalachian fluvial systems. The dominantly kaolinitic clay mineralogy is attributed to both
climate and the direct weathering of potassium feldspar-rich, felsic volcanic extrabasinal grains.
The sediments and paleosols filling the paleo-sinkhole lake at the Gray Fossil Site appear to
contain a record that begins in the Neogene and continues into the Holocene.
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1. Introduction
1.1 Hypothesis

The interdisciplinary nature of geomorphology contributes significantly to the approaches
necessary for solving the major scientific problems of global change and environmental stress.
Pedogenesis, soil weathering and paleohydrology play important roles in our paleoenvironmental
interpretations. The dominantly kaolinite clay mineralogy of the soil and paleosols that overly the
fossil bearing sediments of the Gray Fossil Site (approximately N36° 23'10", W82° 29'50"),
Washington County, Tennessee (Figure 1), present some interesting paleoenvironmental
questions. The Gray Fossil Site represents an infilled paleosinkhole (Clark, pers. comm., 2001;
Shunk 2003), and the associated mammalian fauna and dominantly kaolinite clay mineralogy
suggest warm, wet paleoclimate conditions. However, there are several ways to weather rock to
kaolinite. The most common is the direct result of potassium feldspar weathering, however,
kaolinite is not the typical clay derived from weathering the Knox Group carbonates that comprise
the local bedrock. Examination of the soil and paleosols allowed for a greater understanding of
paleoenvironmental conditions and responses from the earliest Pliocene/ latest Miocene (Janis, et.
al., 1998) to the present.
Preliminary x-ray diffraction analyses, conducted by Deborah Phillips, show that kaolinite is the
dominant clay mineral throughout the soil and paleosols at the Gray Fossil Site (Phillips, pers.
comm., 2002). The initial temptation is to classify these soils as extremely weathered and
consequently, very old. The hypothesis tested in this study is that the kaolinite mineralogy of the
soil and paleosols is not the product of climate, but instead is the product of a water-logged, low pH
environment. Kaolinite is the end product of most clay mineral weathering (Krauskopf and Bird,
1995). This plays an important role in soils, for abundant kaolinite is generally thought to represent
a soil that is extremely weathered and consequently very old (Birkeland, 1999). In this case, the
formation of kaolinite is a climate and time driven response. However, it is also possible to form
1
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Figure 2: Kaolinite pH diagram, quartz saturation, at surface conditions
(25 °C and 1 atmosphere) (Krauskopf and Bird, 1995).

kaolinite in soils under very acidic conditions. At surface conditions, 25 °C, and 1 atmosphere, the
hydrolysis reaction is controlled by pH (Figure 2) (Krauskopf and Bird, 1995). In shallow, water
logged depressions that are organic rich (low pH) it is possible to accelerate the formation of
kaolinite. Dixon (1989) reported the results of an experiment with seedlings and kaolinite formation,
in which organics from the plants (pH's of 4.2-5.4), fluctuating wet and dry conditions, and reduced
concentrations of K, Mg, and Fe induced the formation of kaolinite. So, as an alternative to climate,
the reaction may also be pH-driven. Furthermore, the alternating oxidized and reduced paleosol
sequences suggest fluctuating wet and dry conditions, which Dixon (1989) also states as a
contributing factor toward kaolinite formation. So, as an alternative to a climate and time function,
the reaction may also be a function of pH.
1.2 Overview & Background Information
1.21 The Gray Fossil Site
The Tennessee Department of Transportation (TOOT) discovered the Gray Fossil Site (GFS)
during road construction in the summer of 2000. TOOT stripped half of a hillside away to make way
for construction of a new road. In doing so TOOT exposed very dark, fossil-bearing sediments
(Figure 3). The exact dimensions of the paleosinkhole are not known, however, boring logs
compiled by TOOT suggest that it was roughly 220m in length by 100m wide and up to 36m deep
(TOG, 2003). The sinkhole covered an area of approximately 22,000rn2 with a volume of roughly
792,000m3 . The sinkhole was filled by deposits consisting of, in ascending stratigraphic order: 1)
graded beds with low total organic carbon, 2) reduced, laminated gray silts and clays rich in
organic matter and containing a wealth of vertebrate remains including rhinos, tapirs, and

2

Figure 3: TDOT road construction exposing dark colored fossil bearing sediments
(outlined), Fulkerson Rd., SR 75 with vehicles for scale, and sampling locations: SF & EF
(after TDG, 2003).

elephants, 3) a prominent paleosol: oxidized silts and clays representing subaerial exposure of the
laminated deposits (Shunk, 2003), and 4) oxidized cherty gravels and sands containing paleosols,
which are now exhumed (Figure 4). The fossil assemblage discovered during excavations consists
mainly of vertebrates such as fish, frog, tapir, sloth, snake, bear, peccary, turkey, crocodilian,
rhinoceros, turtle (Parmalee et al., 2002) short-faced bear and saber-tooth cat (Bristol, pers.
comm., 2003).
Paleontologists working at the site have narrowed the age of the fossil-bearing deposit to
Earliest Pliocene/ Latest Miocene based on the Plionarctos (7-3Ma) discovery (Janis et al., 1998).
No radiometric dates are currently available on the modern soil and paleosols at this site, however
paleomagnetic investigations are already underway by Ira Sasowsky from the University of Akron.
The sediments at the site have components of both normal and reverse polarities. Preliminary
interpretations of the paleomagnetic data identify the reverse polarity component as confirmation
that the lacustrine sediments are older than 0.99Ma (Sasowsky, pers. comm., 2003). The middle
portion of the covermass is also reversed, but with a high coercivity normal magnetism also
present. Therefore, it is likely older than 0.99Ma. The upper oxidized sediments are difficult to
interpret, but have normal polarity, with some reverse component samples, and are awaiting further
analysis before an accurate interpretation can be made (Sasowsky, pers. comm., 2003).
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Figure 4: Simplified stratigraphic column of infilled sinkhole (TDG, 2003).

1.22 Topographic Descripbon of the Region
The area surrounding Gray, located in Washington County, Tennessee, incorporates four
USGS 7.5 minute series topographic quadrangle maps {Cl= 20'): Boone Dam, Sullivan Gardens,
Leesburg and Jonesborough (Figure 5). The region lies within the Appalachian Highlands major
division, the Ridge and Valley province, and the Valley and Ridge subprovince.

The landscape surrounding the Gray site is dominated by Buffalo Ridge to the east, Taylor
Ridge to the northwest, Miller Knob along the southern edge, Bald Knob in the southeast corner of
the Boone Dam quadrangle and Campbell Ridge running parallel to SR 75 in the Leesburg and
Sullivan Garden quadrangles. In contrast to these ridges is the undulating valley floor, which
comprises the majority of the land area. Sinkholes are present on the lower terrains, however they
are not common in nearby areas over these same bedrock units (USGS, 1959, 1968, 1971). Fluvio
karst features, such as allogenic valleys and blind valleys, are also present (Ritter et. al., 2002).
The overall relief of the region is low, with a difference of approximately 122m from valley floor
to ridge top. Slopes range from gentle to steep. The landscape assemblage is comprised of 60%
ridge slopes, 15% hollows and 25% undulating valley floor. The average ridge slope gradient is
12.7° . The average slope gradient across the valley floor is 5.5° . In a larger perspective, however,
the slope gradient is much smaller; e.g., from Sinking Creek to the crest of Buffalo Ridge the slope
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Figure 5: Composite topographic map showing modern hill/location of GFS. GFS located at approximately
N36°23'10", W82° 29'50". Contour interval 20'. Scale 1:25,000 (Delorme, 1999).

gradient is 2.8° . There is a uniformity of orientation of parallel ridges and hollow direction
perpendicular to the ridge crests. There is also uniformity in slope morphology. The valley has no
apparent uniformity in landform morphology. Slope shapes are generally consistent across the
map. The western slope of Taylor Ridge is the exception, which is concave linear. Most ridges fit a
pattern of slope morphology at the sides and another pattern at the ends of the ridges and along
hollows. Sideslopes are concave convex, whereas the slopes at the ridge noses and along the
hollows are convex convex in shape. Slope morphology across the region suggests that alluvial or
colluvial fans are present (Whittecar, 2000; Germanoski, 2000).
There are several streams present, which include Sinking Creek, Muddy Fork, Ford Creek,
Reedy Creek and Cedar Creek. Stream gradients are low, stream paths do not meander and
stream channels are LI-shaped without floodplains. The lower-order streams, which feed into those
listed above, are characterized by steeper gradients and V-shaped channels that have incised
through the ridges. The overall drainage pattern most closely resembles that of a trellis pattern
(Ritter et. al., 2002).
1.23 Bedrock & Soil
In the southern Appalachian Valley and Ridge subprovince, the relative resistance of underlying
bedrock exerts substantial influence over the topography. Alleghanian deformation produced a
series of tightly folded anticlines accompanied by low-angle thrust faults in this region, and high
densities of tensional fractures in the sedimentary bedrock along fold crests (Hardeman, 1 966).
These tensional fractures allowed greater access by weathering processes and therefore erosion
progressed more rapidly. Weathering and subsequent denudation produced sediment deposited in
valleys. The Gray Site is underlain by Cambre-Ordovician dolostone of the Knox Group (Figure 6)
(TOG, 2003). The Knox Group carbonates are part of the eastern limb of a southwest-plunging
syncline (Hardeman, 1 966).

The modern surface soil at the GFS is classified as Dunmore Series: soil order-Ultisol,
suborder-Udults, great group-Paleudults. Dunmore Series soils have clayey particle size, kaolinitic
mineralogy, form from clayey dolomitic limestone parent materials and occur in upland landscape
positions. The location of the type-site for this soil series is also in Washington Co., Tennessee.
There are two phases of Dunmore Series present at the Gray Fossil Site: Dunmore cherty silt
loam, rolling phase, and Dunmore cherty silty clay loam, eroded rolling phase (Soil Conservation
Service, 1 958). Dunmore Series soils form in Mesic temperature and Udic moisture regimes (Soil
Survey Staff, 1 999) similar to the present humid temperate climate.
1.2 4 Modem Climate
The present climate in the region is humid temperate, with a mean annual precipitation of
1 21 9.2mm (76.2mm of that as snowfall). The mean annual temperature is 1 4.9°C. The period of
record for the Johnson City ETSU climate station is 2 years (NCDC, 2003).

1. 2. 5 Landform Evolution

One present hypothesis for the development of this landform assemblage is that a cenote (or
sotano) was formed in the dolostone and filled with water. The lacustrine sediments that filled the
pond were later covered with alluvium. The thickness of the total covermass probably inhibited
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erosion and dissolution of the underlying dolostone to a greater extent than that of the surrounding
area. Due to differential karst processes, the area surrounding this landform would have lowered at
a faster rate than the depression that was covered by the thicker covermass. Hence, a hill may
have evolved from a depression (Figure 7). This is an extreme case of differential Appalachian
karstification (Clark, pers. comm., 2001 ). Thick to massive alluvium and regolith caps occur over
soluble carbonate bedrock, and probably have inhibited erosion and dissolution of the underlying
bedrock. This, coupled with continued epeirogenic events, generated an area with higher relief
over normally less resistant rocks and lower relief over the more resistant rocks. Therefore, the
influence of the capping regolith and alluvium has generated a distinctive karst terrain with fewer
sinkholes and solution valleys than typical Appalachian fluvio-karst terrains (Clark, pers. comm.,
2001).
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2. Methods

2. 1 Field Methods & Materials
Two step-cuts were excavated by TDOT during road construction (Figure 8). One of these is
roughly centered over the sinkhole (referred to as South-facing profile: SF) and the other is along
the western edge (referred to as East-facing profile: EF). Detailed soil and sediment descriptions,
including data on pore space, Munsell color, texture, ped structure, layer boundaries, roots, and
fluvial gravel were made from these two exposures. Core samples were taken beginning at the top
of each of these soil profiles and continuing downward through the paleosols until approaching or
encountering the laminated, organic-rich lacustrine sediments. Because traditional coring and
augering methods failed, an improvised coring method was established. A 21/4" diameter fence
pipe was cut into 20cm lengths. Each section of pipe was manually pounded into smaller steps that
were established within each of the larger step-cuts. The pipe was then carefully dug back out of
the step and the ends capped with PVC end caps and labeled.
2. 2 Micromorphological Methods & Materials
Soil core samples were cut open lengthwise using a Dremel rotary tool. Samples were chosen
for thin section analysis based on field-scale redoximorphic features, such as iron pans,
manganese, and reduced soil colors. A total of ten samples were selected from the SF profile and
five samples from the EF profile. Each sample was designated an ID# based on the sampling
profile and depth below the surface. Soil samples were then impregnated with polyester boat resin,
dried and sent out for professional thin section preparation. Each thin section was scanned in both
plane-polarized and cross-polarized light and preserved as an image file (see data stored in Plate
1). Each slide was then thoroughly examined under a standard petrographic microscope.
2. 3 Clay Mineralogical Methods & Materials
Soil samples were chosen for clay analyses based on the same redoximorphic features used to
choose thin section samples. Due to the length of time required to prepare clay samples for
analyses only six samples were chosen from the SF profile and four samples from the EF profile.
The clay samples were prepared according to the pretreatment methods outlined by Moore and
Reynolds (1997). Using Stoke's Law to calculate centrifugation time and rpm, two size fractions
were separated from each of the samples: the <0. 1µm fraction and the 0.1-1 µm fraction. These
size fractions were estimated as the necessary fractions to distinguish between detrital kaolinite
and non-detrital kaolinite. Each sample was designated an ID# based on the sampling profile,
depth below the surface, the particle size fraction and cation saturation. So, each sampling depth
produced two size fractions and each size fraction in turn produced two slides: one saturated with
potassium cations and the other saturated with magnesium cations. Smear mount slides were
prepared whenever possible; however, due to the small size of the <0. 1µm fraction there was not
always enough clay to prepare a smear mount slide. Elutriated slides were prepared in those
instances (see data stored in Plate 1). Each slide was analyzed using X-ray diffraction under the
same diffractometer settings: samples were scanned over a range of 2 to 45° 20 at a rate of .02°
20 per second, using 40kV and 30mA. Each sl_ide, both potassium and magnesium saturated, was
initially analyzed at 25 ° C. The magnesium saturated slides were then glycolated and reanalyzed at
2s 0 whereas the potassium saturated slides were then heated to 350° C and reanalyzed, and
lastly heated to 550 ° C and reanalyzed (see data stored in Plate 1 ).
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Figure 8: Composite TDOT map showing construction area , topography, and sampling locations: SF & EF (after TDG, 2003).

3. Results

3. 1 Field Data

The two soil profiles that were evaluated are an East-facing profile and a South-facing profile,
hereafter referred to as EF and SF, respectively. When examining the EF profile, it became clear
that bedding gently dips to the south. The SF profile is perpendicular to dip and so dip was not
visible. Strata in the SF profile are therefore overestimated in terms of thickness. The two soil
profiles were not connected during excavations. This, coupled with soft sediment deformation
{normal faulting was visible at field-scale in other areas of the GFS) caused a disconnect between
the strata of the two sampling locations. The only strata that are easily correlated are the lower
strata, which contain pedogenic slickensides and lacustrine sediments.
3. 1. 1 South-Facing Profile

The SF profile {Figure 9) extended to -606cm below the modem soil surface before the
lacustrine sediments were encountered. The field data from the SF profile revealed a minimum of
14 episodes of fluvial deposition. Each of these episodes were defined by the particle size, contact
with adjacent strata and are bounded by unconformities. In most instances, deposition was
followed by pedogenesis of the sediments. However, there appear to be some episodes of
deposition that are followed by a very limited degree of pedogenesis and continued deposition of
similar size particles. Complete field data for the SF profile are presented in Table 1 . Colors used in
Figures 9 & 10 reflect the Munsell Soil Colors determined in the field and were generated using
Munsell's CMYK conversion program.
3. 1.2 East-Facing Profile

The EF profile {Figure 1 0) extended to only -440cm below the modern soil surface. The soils
contained unsorted, angular and rounded, fluvial cobbles, gravels and sands from O to -348cm.
Sediment size at -348cm shifts to silt- and sand-size particles. More coarse-grained material was
encountered in the EF profile compared to the SF profile. This is likely due to the proximity of the
EF profile to the edge of the sinkhole, while the SF profile was roughly centered in the sinkhole.
There are at least seven periods of deposition present, each bounded by unconformities. In most
cases, each period of deposition was followed by pedogenesis of that deposit. The upper portion of
the profile contains high-chroma soil colors, whereas low-chroma colors dominate the soils greater
than -200cm. There is also an abundance of manganese, which steadily increases from 1 %
mottling at -333cm to a maximum of 50% mottling at -440cm where the profile was terminated.
Complete field data from the EF profile are presented in Table 2.
3.2 Micromorphological Data

Each thin section was examined carefully and thoroughly under a petrographic microscope, in
both plane-polarized and cross-polarized light. Pedogenic features, grain types and important
depositional characteristics were noted. Each slide was scanned as an image in both plane
polarized and cross-polarized light {see Plate 1 for all of these image files). The data collected for
both profiles are presented in Tables 3 & 4.
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Figure 9: Soil stratigraphic column of South-facing profile.
(Colors shown depict true soil colors observed in the field.)
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Table 1 : Field Descriptions of Genetic Packages in South-Facing Profile

-(,.)

Roots

Pores

Contact

Gravel Content

Ped
Coatings

granular

many
very fine

many
fine

sharp

none

none

1 0YR7/3

crumb

some
fine

some
fine

irregular

some cobble
size chert

none

moderately firm

1 0YR5/8
mottled with
40% 1 0YR7/3

blocky

few very
few fime
large

wavy

some cobble
size chert

none

sandy clay

firm

1 0YR5/8

subangular
blocky

very few very few
fine
fine

wavy

none

none

65-90

sandy clay

very firm

7.5YR5/6
mottled with
20% 1 0YR6/8

subangular
blocky

none

very few
fine

wavy

many pebble to
cobble size
chert

none

90-100

sandy clay

moderately firm

5YR5/6
mottled with
20% 1 0YR5/8

subangular·
blocky

one very
large

some
fine

irregular

none

none

1 00-1 1 7

sandy clay

soft

7.5YR5/6

blocky

some
very fine

many
fine

wavy

many pebble
size sandstone
and chert

Fe

1 1 7-120

iron pan

soft

1 0YR5/6

crumb

none

few fine

wavy

pebble size
chert

none

Munsell Color Ped Structure

Depth (cm)

Texture

Consistency

0-04

silty loam

soft

10YR4/2

04-25

sandy loam

soft

25-44

sandy clayey
loam

44-65

120-130

very sandy
clay

Other

Table 1 : (continued)
Depth (cm)

Texture

Consistency

1 30-141

sandy clay

firm

1 41-145

iron pan

1 45-170

very sandy soft to moderately
clay
firm

Munsell Color Ped Structure

Roots

Pores

Contact

Ped
Gravel Content Coatings

sharp

abundant
pebble to cobble
size chert

none

very few

N/A

very few small
pebble size
chert

Fe

very few
fine

smooth

none

none

very few very few
fine
fine

smooth

many cobble
size chert

none

Fe coatings
on gravels
Fe coatings
on gravels

7.5YR5/6

crumby to
subangular
blocky

1 0YR5/6

blocky

none
some
fine

very few
very Jew
fine

1 70-172

clay

soft

1 0YR5/8

crumb

1 72-1 90

loamy clay

soft

1 0YR6/8

coarse blocky

1 90-21 7

sandy clay

very firm

7.5YR5/8
banded with
Gley (1) 7/10Y

coarse
subangular
blocky

none

none

N/A

many pebble
size chert

Fe

21 7-225

sandy clay

firm

1 0YR5/8
mottled with
50% 7 .5YR5/8

subangular
blocky

one
medium

none

wavy

few small
pebble size
chert

none

very firm

7.5YR5/8
mottled with
30% Gley (1 )
7/10Y

very coarse
subangular
blocky

none

none

N/A

few small
pebble size
chert

none

225-250

sandy clay

Other

Fe coatings
on gravels

Table 1 : (continued)
Depth (cm)

�
01

Texture

Consistency

Munsell Color Ped Structure

Contact

Gravel Content

Ped
Coatings

very few very few
fine
fine

smooth

many cobble
size chert

none

Roots

Pores

250-272

loamy clay

soft

7.5YR5/8
mottled with
50% Gley (1)
7/10Y

272-278

loam

soft

Gley 7/10Y

granular

none

very few
fine

smooth

none

none

278-287

loamy clay

soft

7.5YR5/8

coarse planar
blocky

one

very few
fine

N/A

none

none

287-292

sandy loam

soft

7.5YR5/8

granular

few fine

many
fine

wavy

very fine pebble
size chert

none

292-31 3

very sandy
clay

very firm

1 0YR7/1
mottled with
50% 7.5YR5/6

subangular
blocky

few
medium

some
fine

smooth

some cobble
size chert

none

31 3-320

very sandy
clay

soft

1 0YR5/8

crumb

few fine few fine

smooth

none

none

320-335

very sandy
clay

firm

1 0YR7/2
mottled with
50% 10YR5/8

crumb to
subangular
blocky

ve �ew
few fine
i

sharp

some cobble
size chert

Mn

335-340

Mn Band

subangular
blocky

wavy

Other

20% Mn
mottling

30% Mn
mottling

Table 1 : (continued)
Depth (cm)

Texture

340-343

fragipan

343-350

sandy clay

fi nn

350-383

sandy clay

fi nn

383-385

iron pan

385-401

sandy clay

soft

401 -406

Mn band

406-423

sandy clay

soft

7 .5YR5/6

crumb to
subangular
blocky

423-428

silty clay

moderately finn

2.5Y7/2

sub
I ar
=
b

2 .5Y7/2

su

428-445

sandy clay

Consistency

Munsell Color Ped Structure

Roots

Pores

wavy

7 .5YR5/6

moderately finn

Contact

7 . 5YR5/6

blocky

none

irregular

1 OYR7/2
fe
�
mottled with crumb to blocky
medium
5O°/c0 7 • 5YR5/6

none

smooth

1 OYR7/1
very iew
mottled with crumb to blocky
fi n e ·
50% 7.5YR5/6

none

sharp

lar
�:t

none

Gravel Content
ve

�i:�::�

co:::gs

Other

ble

som e small
pebble size
chert
abundant cobble
and sm�II
pebbl e size
che rt

none
non e

Fe staining
and 5% Mn
mottling

som e small
pebble size
ch�rt

none

<50/c0 M n
mOtt1•mg

few fine few fine very smooth

none

none

<2% Mn
mott1·mg

ve Jew ve Jew
very smooth
ine
in

some small
ize
peb
::;

none

<2o/c M
mo;lin;

none

;:; ��
1

e

none

none

very smooth

som e small
�:�eas��e
sandstone

Table 1 : (continued)
Munsell Color Ped Structure

Roots

Pores

Contact

Gravel Content

Ped
Coatings

2.5Y7/2

planar blocky

none

none

very smooth

none

none

finn

7.5YR5/8

blocky

none

none

very smooth

none

none

clay

soft

1 0YR7/1

subangular
blocky

none

none

very smooth

none

none

460-472

sandy clay

soft

1 0YR6/6

crumb

very few
fine ·

some
fine

smooth

some pebble to
cobble size
chert

none

472-477

clay

very firm

1 0YR7/1

blocky

none

none

smooth

none

none

477-505

sandy clay

soft

7.5YR6/8

crumb

none

none

·smooth

>80% small
pebble to cobble
size chert

none

505-532

clayey sand

soft

10YR5/8

granular

none

none

smooth

none

none

<2% Mn
mottling

532-547

clay

soft to firm

2.5Y6/2

subangular
blocky

none

none

smooth

none

none

1 0% Mn
mottling

547-575

sandy clay

firm

2.5Y7/1

none

none

smooth

none

none

slickensides

575-597

clay

soft

1 0YR5/8

none

none

smooth

none

none

Fe root
traces

Depth (cm)

Texture

Consistency

445-450

clay

finn

450-457

silty clay

457-460

blocky w/
slickensides
subangular
blocky

Other

Table 1 : (continued)
Depth (cm)

Texture

Consistency

597-605

clay

soft

1 0YR6/6

605-610

clay

soft

1 0YR4/2

Ped
Gravel Content Coatings

Roots

Pores

Contact

blocky

none

none

smooth

none

none

blocky

none

none

N/A

none

none

Munsell Color Ped Structure

Other

slickensides

Top elevation
was not alvailable
but is likely lower than
the SF profile.

Gravel 1 -g
fl)

·a.
w

40

440

VII
80

•
•

1 20

I

VI

:el

Mn concentrations

Iron pan

Pedogenic slickensides
Fine to small pebble size gravel

� Cobble size gravel
�

CJ
D

IV
280

360

Unconformity

� Pebble size gravel

V

240

320

!3

(J

1 60

200

°[
�

396

0

Pebble to cobble size gravel

Very fine sand

1 % Mn staining

L..J 5% Mn staining

[:J

�=j

L '/]

Ill

II
II

1•

10% Mn staining

30% Mn staining

50% Mn staining
Step interval

. Ii
396

Figure 10: Soil stratigraphic column of East-facing profile.
(Colors shown depict true· soil colors observed in the field.)

19

Table 2: Field Description of Genetic Packages in East-Facing Profile

Depth (cm)

Texture

Consistency

0-07

silty loam

soft

10YR5/4

crumb

07-33

silty loam

soft

2.5Y6/4

granular

some
medium
and fine

33-70

loamy clay

moderately firm

7.5YR5/8

subangular
blocky

some
medium
few fine

70-91

sandy clay

soft

10YR5/6

91-1 1 0

1 1 0-139

1 39-1 79

sandy clay

sandy clay

clay

Munsell Color Ped Structure

Roots

Pores

many very
many fine
fine

Contact Gravel Content

c!�gs

none

none

some pebble
size chert

none

smooth

some pebble
size chert

Fe

subangular
blocky

very few
some fine smooth
fine

some pebble
size chert

1 0YR5/8

subangular
blocky

few very
some fine
fine

wavy

abundant
pebble and
cobble size
chert

very soft

1 0YR5/8

subangular
blocky

extremely
few fine

sharp

many small
pebble and a
few cobble size
chert

Fe

firm

10YR6/6
mottled with
10% 5YR5/8

blocky

very few
fine

smooth

many small
pebble and
cobble size
chert

Fe

soft

sharp

some fine smooth

few fine

none

few fine

Other

Table 2: (continued)

Depth (cm)

Texture

Consistency

1 79-197

sandy clay

firm

10YR5/8

blocky

soft

1 0YR7/2
mottled with
40% 5YR5/8

granular to
crumb

1 97-21 7

sandy clay

Munsell Color Ped Structure

Roots

Pores

Contact Gravel Content c
!:�gs

few fine some fine smooth

none

irregular

many small
pebble and
cobble size
chert

very few
some fine smooth
fine

many small
pebble and
cobble size
chert

none

few fine

Other

Fe
Fe

upper left portion of
layer was sand,
heavily stained with
Fe (7.5YR5/8)
right portion of layer
was clay (same as
mottles in over1ying
layer) 5YR5/8

21 7-230

sand

moist

7.5YR5/8

N/A

230-254

clay

soft

banded:
5YR5/8 &
1 0YR7/2

subangular
blocky

none

none

wavy

very few fine
pebble size
chert

Fe

254-270

sandy clay

firm

5YR5/6 mottled
with 20%
1 0YR7/2

subangular
blocky

none

none

smooth

none

Fe

270-273

clay

soft

1 0YR7/2
mottled with
1 0% 5YR5/8

blocky

none

few fine

smooth

none

273-276

iron pan: sand

moist

7.5YR5/8

Table 2: (continued)

"->
"->

Roots

Pores

Contact

Gravel Content eo'::�

planar to
blocky

none

few fine

smooth

few fine pebble
and cobble size
chert

Fe

angular blocky

none

none

wavy

none

Fe

1 0YR7/2
coarse angular
mottled with
blocky
40% 5YR5/8

none

none

smooth

none

Fe

firm

1 0YR7/2
mottled with
40% 5YR5/8

angular blocky

none

none

smooth

few fine pebble
size chert

Fe

1 % Mn staining

clay

soft

1 0YR7/2
mottled with
40% 5YR5/8

subangular
blocky

none

none

smooth

none

Fe

5% Mn staining

360-368

sandy clay

soft

10YR7/2
mottled with
40% 5YR5/8

subangular
blocky

none

none

smooth

none

Fe

1 0% Mn staining

368-379

clay

soft

1 0YR7/2
mottled with
40% 5YR5/8

subangular
blocky

none

none

smooth

none

Fe

30% Mn staining

379-387

clay

firm

10YR7/2
mottled with
40% 5YR5/8

subangular
blocky

none

none

smooth

none

Fe

Depth (cm)

Texture

Consistency

276-309

clay

soft

1 0YR7/2

309-31 7

clay

firm

10YR7/2
mottled with
40% 5YR5/8

31 7-333

clay

moist soft

333-348

clay

348-360

Munsell Color Ped Structure

gs

Other
Ped coatings: clay
5YR5/8

Table 2: (continued)

Munsell Color Ped Structure

Roots

Pores

Contact Gravel Content c:a:�
gs

Other

subangular
blocky

none

none

smooth

none

Fe

1 % Mn staining

5YR5/8

subangular
blocky

none

none

smooth

none

Fe

1 % Mn staining

1 0YR6/1

subangular
blocky

none

none

smooth

none

Mn

10YR6/1

subangular
blocky

Depth (cm)

Texture

Consistency

387-396

clay

soft

10YR6/1

396-415

sandy clay

firm

41 5-423

clay

soft

423440

sandy clay

soft

- - - -·--- --

-

- � ----

-

- --- ----

--�--

none

none
-

--

--

-

-------

--

smooth

abundant very
fine sand size
chert

__ _ (lacustnne?)

Mn

50% Mn staining

Table 3: Micromorphology Data for South-Facing Profile
Sample Depth
{cm}

Pedogenic Features

Most Notable Grain Types

Sample #

1 00

heavy Fe/Mn concentrations,
illuviated clays, bimasepic
fabric

large chert clasts, oolitic chert,
schistose quartz

SF-1 00

1 20

massive illuviated clays,
bimasepic fabric, Fe/Mn
grain coatings, Fe/Mn
cemented grains

volcanic quartz, metaquartzite,
metasandstone, chert with dolomite
rhombs etched into surface

SF-1 20

1 35

quartz, siltstone, myrmekitic
illuviated clays, bimasepic volcanic
quartz, plagioclase, metaquartzite,
fabric
chert

SF-1 35

1 60

illuviated clay, mosepic
fabric, clay matrix single
domain, Fe/Mn cemented
clasts, Mn concentrations

SF-1 60

320

illuviated clay, Fe/Mn
concentrations

335

illuviated clay, Fe/Mn
concentrations

chert with dolomite rhombs etched
into surface, schistose quartz,
sandstone
chert with dolomite rhombs etched
into surface, metaquartzite

340

Mn/Fe concentrations,
illuviated clays

chert with dolomite rhombs etched
into surface, man and polycrystalline
quartz

SF-340

350

meniscate illuviated clays,
Mn bands

chert with dolomite rhombs etched
into surface

SF-350

375

illuviated clay

metaquartzite, schistose quartz

SF-375

little pedogenic evidence,
some illuviated clay, Mn
concentrations,
limonite/goethite spherules

volcanic quartz, metaquartzite,
sandstone with quartz overgrowth,
oolitic chert, chert with dolomite
rhombs etched into surface,
monocrystalline quartz, chert
megaquartz, myrmekitic quartz,
sandstone fragment with
kaolinite/dickite cement

SF-400

400

oolitic chert, intraclastic chert,
volcanic quartz, metaquartzite
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SF-320
SF-335

Table 4: Micromorphology Data for East-Facing Profile
Sample Depth
{cm}

Pedogenic Features

Most Notable Grain Types

Sample #

1 69

very large chert with weathering rind,
sandstone, very large schistose
Fe/Mn glaebules, illuviated
quartz, oolitic chert, volcanic quartz,
clay,
chert with dolomite rhombs etched
into surface, gravel

EF-1 69

348

multi-generational illuviated
clay, deposition laminae
(relict bedding), sepic
plasmic fabric, reworked soil
aggregates, Mn/Fe
concentrations

monocrystalline quartz, very fine
silts and sands

EF-348

368

both multi-generational and
meniscate illuviated clay
(some pedoturbated), root
with quasi Fe/Mn cutan,
sepic plasmic fabric,
slickensides, soft sediment
deformation (normal fault
offsetting)

very fine silt

EF-368

398

weak laminae, Fe/Mn root
quasi cutans with illuviated
clay pore infilling, oriented
matrix clays, sepic plasmic
fabric, zone of Fe/Mn
accumulation (possible iron
pan), slickensides

very silty, thinly bedded/stratified
sands

EF-398

423

clay cutans on peds, Fe
glabules, reworked soil
chert with dolomite rhombs etched
aggregates with embedded
into surface, monocrystalline quartz,
silt, illuviated clay, clay
polycrystalline quartz, volcanic
coatings on grains,
quartz, schistose quartz, oolitic chert,
pedogenic clay, extremely
high concentrations of Mn

25

EF-423

3.2 1 Deposition
Some key depositional features were identified in the thin sections. All deposits greater than
sand size were poorly sorted. This may be seen at both field scale and in thin section (Figure 11F).
In the EF profile silt-size and sand-size deposits were noted, but these do not occur in the SF
profile. Both relict bedding and weak laminations are present in the EF profile. Also in the EF
profile, soft-sediment deformation was visible through offset of an illuviated clay-infilled pedogenic
slickenside plane.
3.22 Grain Types
Many different grain types were noted in both sampling locations. Most grains are varieties of
quartz arid include myrmekitic quartz, foliated schistose quartz, volcanic quartz with resorption
rims, metaquartzite with equant subgrains, monocrystalline and polycrystalline quartz. Finely
crystalline chert, oolitic chert and chert with dolomite rhombs etched into the surface are also
common (Scholle, 1981, & Pettijohn et. al., 1987). For a complete list of grain types encountered,
see the data presented in Tables 3 & 4. Examples of some of these grains are presented in Figure
12.
3.23 Pedogenesis
Pedogenic features such as illuviated clay pore linings and root voids, bimasepic plasmic fabric,
mosepic plasmic fabric, clay cutans (argillans), pedogenic slickensides, Fe and Mn concentrations
and grain coatings, Mn bands and roots replaced by Fe and Mn, among others, were noted from
analysis of the thin sections (FitzPatrick, 1984, 1993). Examples of some of these pedogenic
features are presented in Figure 13.
3.3 Clay Mineralogical Data
The d-spacing of peaks on the diffractograms were analyzed to determine which clays were
present in each sample. The methods used for the identification of clay minerals are outlined in
Chapter 7 of Moore & Reynolds. As stated previously, some slides were elutriated while others
were smear mounts. The clay assemblage present in most samples consists of kaolinite, illite and
hydroxy-interlayered vermiculite (Tables 5 & 6). A few samples from each profile also contained
illite/smectite. These clay assemblages are present in both the pedogenic (<0.1µm) and detrital
(0.1-1µm) clays. A few samples contained mixed-layer clays, which remain unidentified at this
time. Figure 14 shows a typical diffractogram for either sampling location. These data are
presented in Tables 5 & 6. For image files of all XRD diffractograms and a list of which slides were
elutriated and which were smear mounts see Plate 1.
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Figure 11: Photomicrographs of depositional features. A-F in cross-polarized light. Blue
arrows indicate up direction and red arrows point to features: (AJ EF-169 poorly sorted
gravel and sand; (BJ EF-348 relict bedding; (CJ EF-348 silt and sand; (DJ EF-368 soft
sediment deformation through illuviated clay; (EJ EF-398 weak lamination; (FJ SF-340 poorly
sorted gravel and sand.
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Figure 12: Photomicrographs of grain types. A in plane-polarized light and B-F in cross-polarized light. Blue
arrows indicate up direction and red arrows point to features: (AJ EF-423 chert with dolomite rhomb-etched
voids; (BJ EF-423 volcanic quartz; (CJ SF-160 strained quartz; (DJ SF-340 myrmekitic quartz; (EJ SF-350
reworked sandstone; (F) SF-375 schistose quartz; (GJ SF-400 quartz with overgrowth;
(HJ SF-400 volcanic quartz.

I',.)
(0

Figure 13: Photomicrographs of pedogenic features. A,B,C,E,H in plane-polarized light and D,F,G in cross-polarized light.
Blue arrows indicate up direction and red arrows point to features: (AJ EF-368 illuviated clay lining soil macropores;
(BJ EF-398 root replaced by Fe and Mn; (CJ EF-423 illuviated clayand Mn pore lining; (DJ EF-368 pedogenic slickenside
plane with illuviated clay accumulation; (EJ SF-120 illuviated clay lining soil macropore; (FJ SF-120 chert grain with clay
cutan and matrix clays; (GJ SF-340 Fe, Mn and illuviated clay lining root void; (HJ SF-350 Mn bands.

Table 5: Clay Mineralogy Results for South Facing Profile
Sample#
Size Fraction Kaolinite lllite Smectite HIV Mixed Layer
SF-115
<0.1µm
X
X
X
SF-127
<0.1µm
X
X
X
X
SF-168
<0.1µm
X
X
X
21 A
SF-325
<0.1 µm
X
X
X
SF-352
<0.1µm
X
X
X
X
_ _ SF-392 _ _ _ _ <0. 1µ!11 _ _ _ _ X _ _ X _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
SF-115
0.1µm-1µm
X
X
X
SF-127
0.1µm-1µm
X
X
X
19/20 A
SF-168
0.1 µm-1 µm
X
X
X
SF-325
0.1µm-1µm
X
X
X
SF-352
0.1µm-1µm
X
X
X
SF-392
0.1µm-1µm
X
X
X

Table 6: Clay Mineralogy Results for East Facing Profile
Size Fraction Kaolinite lllite Smectite HIV Mixed Layer
Sample#
EF-169
<0.1 µm
X
X
X
EF-364
<0.1 µm
X
X
X
EF-384
<0.1 µm
X
X
X
_ _ EF-420 _ _ _ _ <0. 1µ!11 _ _ _ _ X _ _ X _ _ _ _ _ _ _ X _ _ _ _ _ _ _ _ _
EF-169
0.1µm-1µm
X
X
X
EF-364
0.1 µm-1 µm
X
X
X
EF-384
0. 1 µm-1 µm
X
X
X
22A
EF-420
0.1µm-1µm
X
X
X
X
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SF-168 0.1-1 µm
2.000�--------------------------,
K satlnted @ 25' C
M saturated @ 25 C
K saturated @ 300 C
K
M satlJ'atedt gtycofated @ 25 C

1500

. 500

2-Theta f)

Figure 14: Typical diffractogram for both the SF & EF profiles.
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4. Interpretations

4. 1 Interpretation of Field Data
4. t. t Deposition
Aside from Depositional Episode I in the SF profile and Depositional Episodes I & II in the EF,
these are unsorted fluvial gravel deposits that show no evidence of imbrication. A Hjulstrom plot
was used to estimate the minimum conditions necessary to entrain the cobble-size gravels. The
average particle diameter for the cobble-size gravels, 60mm, corresponds to a mean flow velocity
during transportation of 200cm/sec (Figure 15). The lack of sorting suggests that deposition
occurred rapidly, i.e., both bedload and suspended load were simultaneously dumped into the
sinkhole. Some deposits clearly represent major flooding episodes of a river with cobble-size
particles, whereas other flooding episodes represent less powerful events and only deposit pebble
size particles.
Depositional Episode I from the SF profile is correlative with Depositional Episode II from the EF
profile. There are no fluvial gravels present in this episode of deposition, instead these deposits
consist of silt and sand size sediments, and overlie a paleoAlfisol, identified by Shunk (2003),
which formed as a result of subaerial exposure of the lacustrine sediments. This shift in
sedimentation could result from a change in climate or tectonics.
The numerous unconformities present at both sampling locations make it clear that this is not a
complete record of deposition (Figures 9 & 10). There are 13 unconformities present in the SF
profile, delineating 14 episodes of deposition. The unconformities represent either subaerial

1000
500

300
200

l

Erosion

1 00

50
30

l:
f
-

5

I :

Size of partlcles (nvn) -

Figure 15: Hjulstrom diagram with 60mm average (cobble) particle diameter plotted
(solid circle) to estimate mean flow velocity necessary for entrainment of cobble-size
sediments found at the GFS (Ritter et. al., 2002).
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exposure (coupled with, in most instances, pedogenesis) or erosional truncation. Subaerial
exposure of these deposits indicates a period of geomorphic stability. The length of geomorphic
stability is reflected in the degree of pedogenic maturity visible in the paleosol that developed
between episodes of deposition.
4. 1.2 Pedogenesis

There are numerous paleosols present in both profiles. While designating soil horizons for the
paleosols is problematic due to truncation and incorporation of underlying paleosol units by
overlying paleosol units, is not a problem however, to apply USDA soil taxonomic classification. Bt
or argillic horizons were present in all strata, which suggest either Ultisols or Alfisols. The paleosols
and modem soil were predestined to be classified as paleoUltisols; the detrital kaolinite was
fluvially transported and was therefore depleted of exchangeable bases. So, the presence of
Ultisols at the GFS is more a function of parent material than climate or time. All paleosols are
classified as paleoUltisols except the paleosol associated with Depositional Episode I in the SF
profile (probably correlates to Depositional Episodes II & Ill in the EF profile), which is interpreted
as a paleoVertisol due to the presence of pedogenic slickensides, gilgai, thickness of stratum and
>30% clay in the soil matrix (Wilding and Puentes, 1988).
The paleosols can be also be classified using a system based on the balance between
sediment accumulation and the rate of pedogenesis used by Kraus {1999). This system was
compiled using paleosols formed in the Eocene Willwood Formation, which contains fine-grained
floodplain deposits, which differs from the paleosols formed in the coarse-grained flood deposits of
the GFS. However, it does have some use in interpreting distance from the stream channel and the
relationship between sedimentation and pedogenesis at t�e GFS. In the Kraus system, a
composite truncated set develops when the rate of pedogenesis exceeds the rate of deposition and
there is an unconformity incorporated into the paleosol. A compound truncated set develops when
the rate of pedogenesis is equal to or less than the rate of deposition, sedimentation is rapid and
unsteady, and the unconformity separates the paleosols {Kraus, 1 999). According to this
classification scheme, the paleosols at the GFS could be either composite truncated or compound
truncated. Fully utilizing this classification system requires that soil horizons be designated, which
as mentioned above, is problematic for the individual paleosols. Most likely the profile contains
both composite truncated and compound truncated sets, where the balance between the rate of
deposition and the rate of pedogenesis did not remain constant. While no definitive conclusion can
be made on changes in the balance between sedimentation and pedogenesis, this system does
reveal that either of these sets is present at proximal locations on the floodplain relative to the
position of stream channel.
The paleo-hydrologic conditions of the upper and lower halves of the soil profiles are distinctly
different. Redoximorphic features are plentiful in the lower half of both soil profiles. Low-chroma
soil colors, Fe accumulation {in the form of iron pans), Fe or Mn coatings on ped surfaces, Mn
accumulations/concretions, bands of Mn and Mn staining in soils and paleosols are all evidence of
standing water {Vepraskas et. al., 1 994 ). The upper halves of the soil profiles, in contrast, exhibit
high-chroma soil colors, lack Mn in any form, and lack ped coatings, although the SF profile does
contain two iron pans at depths less than 2m. The paleosols both above and below these two iron
pans have high-chroma colors. This suggests that redox conditions were not longstanding. If redox
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conditions were due to regional groundwater table then all strata below a reduced stratum would
therefore be reduced, but this is not the case. Because there are oxidized strata (those with high
chroma soil colors) present in between the reduced strata (those with low-chroma soil colors)
(Figures 9 & 1 0), all the redoximorphic features visible in both soil profiles are either due to
perched surface water or changes in sinkhole hydrology (plugging and unplugging). The boundary
between the top of an oxidized stratum and the bottom of a reduced stratum marks the 'perch' or
the 'plug.' Vepraskas et al. (1 994) and the Soil Survey Staff (1 999) refer to this type of perched
saturation as episaturation. Redox features at the top of a soil profile may be due to an
impermeable layer, such as a layer of parent material or a clay plug (Birkeland, 1 999). Surface
water draining through the soil and gravel deposits becomes perched at the interface of the gravel
deposit and the underlying clay-rich paleosol stratum. This is significant because the paleo
hydrologic differences between the upper and lower halves of the soil profile (wetter conditions in
the lower half of the soil profile and drier conditions in the upper half of the profile) may be due to
changes climate or changes in the local hydrology.
4.2 Interpretation of Micromorphology
4.21 Depos1lion
Through petrographic analyses, it became clear that whereas coarse particles tended to be
angular, there were also fine particles that were well rounded. The angular, coarse particles were
mostly chert clasts, whereas the well-rounded, fine particles were mostly monocrystalline and
polycrystalline quartz clasts. Petrographic analyses confirmed that these gravels were unsorted
deposits and that bedding was not graded.

The shift in depositional conditions, from fine- to coarse-grained particles, noted from the field
interpretation is also seen petrographically in the lowest paleosol (paleoVertisol). Of the thin
sections examined from the SF profile, only one, SF-375, contained sands and silts. The upper half
of the SF-375 slide contained gravels, as were seen in all the other thin sections from the SF
profile, while the lower half contained sands and silts. The lower portion of this slide closely
resembles the majority of the thin sections from the EF profile. The EF profile does not contain
gravel deposits in the four thin section samples below 348cm in depth, but instead contains silts
and sands. Relict bedding, weakly laminated sediments and pedogenic slickensides (Figures
1 0B,E & 1 2D) suggest that these sediments were deposited under very different conditions than
those deposits containing gravels. Thin section samples of the paleoVertisol (SF profile Deposition
Episode I) taken by Driese also contain silts and sands while lacking gravels (Driese, pers. comm.,
2003). Depositional Episode I from the SF profile and Depositional Episodes II & Ill likely represent
the same vertic paleosol. This shift from fine- to coarse-grained sedimentation could be due to a
change in climate, tectonics, exceeding a geomorphic threshold, or a change initiated by linkage of
multiple processes (Ritter, et. al., 2002).
4.22 Grain Types
The most striking feature noted throughout all samples is the presence of extrabasinal grains in
this small paleo-watershed. Extrabasinal grains were determined as those grains that were not
derived from the local bedrock (Figure 5). Volcanic, igneous and metamorphic quartz grains, as
well as recycled sandstone grains and rounded, medium-grained to coarse-grained
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monocrystalline quartz are considered extrabasinal, while chert, and silt-sized to sand-sized
monocrystalline quartz are considered intrabasinal (Table 7).
4.23 Pedogenesis

Translocated clays, in the form of grain cutans, void channel cutans, neocutans, quasicutans
and illuviated clays (Freytet and Plaziat, 1982), reflect a degree of maturity in soil development.
Translocated clays were present in every sample. The abundance varied from paleosol to paleosol,
some exhibiting minimal amounts whereas others exhibited massive amounts. As stated earlier,
these paleosols are all considered paleoUltisols due to their kaolinitic mineralogy, lack of
exchangeable base cations and the presence of illuviated clays.
Thin section analyses confirm that Depositional Episode II from the EF profile is a paleoVertisol.
Pedogenic slickensides are present in the EF-368 and EF-398 samples. The pedogenic
slickensides are easily identified in these thin sections because the birefringent illuviated clays
accumulated along the slickenside plane (Figure 1 3D).
Thin section samples were chosen from parts of the soil profiles that exhibited redoximorphic
features at field scale. So, it is not surprising to find Fe concentrations, Mn concentrations, Fe and
Mn grain coatings, Fe and Mn cemented clasts, Fe glaebules, Fe and Mn pore linings and Mn
bands in the thin sections. Examination of pore linings and root voids (Figure 1 3C,E & H), which
contain both illuviated clays and Fe/Mn accumulations, reveals that in most cases redox features
were present before translocated clays accumulated. This seems logical because chemical
reduction requires less time than clay translocation. This implies that although saturation occurred
early in terms of pedogenic maturity, it was not apparently prolonged.

Table 7: Grain Types

lntrabasinal

Extrabasinal

oolitic chert

volcanic quartz

chert with dolomite rhombs
etched into the surface
silt and sand sized
monocrystalline quartz

quartzite
schistose quartz
myrmekitic quartz
sandstone with quartz overgrowth
medium to coarse grained
monocrystalline quartz
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4.3 Interpretation of Clay Mineralogy
The dominantly kaolinitic mineralogy of both the pedogenic and detrital clays hampers clear
interpretation of the abundance and environmental significance of pedogenic kaolinite. The
kaolinite peaks from <0.1 µm fraction are more broad than the 0.1-1 µm fraction, however the peaks
are still fairly sharp. These clays are interpreted as finely crystalline, pedogenic kaolinite. However,
the kaolinite in the .1-1 µm fractions has narrow, sharp peaks and is therefore interpreted as more
coarsely crystalline, previously weathered, detrital kaolinite. Detrital kaolinite may be due to a felsic
volcanic sediment source, which is addressed further in the provenance discussion. However, the
little pedogenic kaolinite present may be due to weathering of potassium feldspar-rich felsic,
volcanic extrabasinal sediments or weathering of detrital kaolinite deposited at the site and
therefore would have no climate or environmental significance. The most plausible scenario,
however, is that the pedogenic kaolinite formed at the GFS due to a combination of weathering of
potassium feldspar-rich felsic, volcanic extrabasinal sediments and the weathering of detrital
kaolinite deposited at the site, but is not necessarily a function of climate, time or pH and therefore
may not be used as an indicator of paleoclimate or paleoenvironment.
As for the minor clay assemblages, which are mostly illite and smectite, it may be useful to
examine the pedogenic environments in which they dominate the mineralogy family of the soil
orders. lllite is most abundant in lnceptisols, whereas smectite is abundant in Vertisols, Aridisols,
Entisols and Mollisols (in decreasing order of abundance) (Allen and Hajek, 1989). According to
Birkeland's (1999) soil development scheme, lnceptisols and Mollisols form in grassland
environments, however lnceptisols may also form in a needleleaf forest, while Aridisols form in a
desert environment. Using the environment that is associated with the mineralogy family for the
minor clay assemblage may provide an approximation of the paleoenvironment. It is unlikely that
the GFS was in a desert environment because there is abundant fluvial deposition and evidence of
wet conditions. Of the environments listed for the minor clay assemblage, a needleleaf forest
environment would be the best interpretation based on the mineralogy, paleohydrologic conditions,
and the paleoclimate approximation.
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5. Discussion
5. 1 Provenance and Sediment Distribution
The presence of extrabasinal grains of volcanic quartz, schistose quartz, reworked sandstone,
and myrmekite implies that the source area for sediment was not limited to the local dolostone
bedrock. There is no evidence to suggest that these fine to coarse sand-sized extrabasinal
particles are eolian, therefore, they are considered to be part of the fluvial deposits and alternative
source areas must be considered. Four criteria were used to identify possible source areas: 1 )
medium- to coarse-grained monocrystalline quartz (sandstone), 2) felsic volcanics (most likely
rhyolitic), 3) metamorphics, and 4) available drainage to either the Watauga River or South Fork of
the Holston River. The closest metamorphic, plutonic and volcanic source rock units are over 50km
away from the GFS. Two possible source areas were identified (Figure 1 6). Both had the potential
to provide fluvial transport for sediments to the GFS, however, neither could supply all the grain
types found at the site.
The first source area identified was the Neoproterozoic Mt. Rogers Formation (rhyolite) (Rankin,
1 993, 1 976) in southwestern Virginia (Figure 1 7). The Mt. Rogers Fm. is flanked by the Lower
Cambrian Chilhowee Group Sandstone (Rankin, 1 975). Whitetop Creek drains from the Mt. Rogers
Fm. into the South Fork of the Holston River. The South Fork of the Holston River also has a
branch that drains across the Chilhowee Group Sandstone (see inset in Figure 1 7).
The second possible source area is in northwestern North Carolina, and includes the
Neoproterozoic Grandfather Mtn. Formation in the Grandfather Mtn. Window and the adjacent area
in the Blue Ridge Belt (Rankin, 1 975, 1 976) (Figure 1 8). There are several metamorphic units here
that could be sources for the sediments found at the GFS, specifically meta-granite, schist, meta
arkose, meta-siltstone and quartzite. The undulatory pattern of extinction, large number of crystal
units per sand-size polycrystalline quartz grain, deformation features (strain and foliation) suggest
low- to medium-grade metamorphic source rocks (Basu et. al., 1 975; Young, 1 976). In addition,
there are plutonic units in this area, which may have contributed the few myrmekitic quartz grains
that were identified at the GFS. Small, unnamed drainages flow across the Grandfather Mtn.
Window and the surrounding area to the west into the Watauga River. So, another source area is
the Grandfather Mtn. Window (biotite grade Paleozoic metamorphism) and the adjacent area to the
west of the Grandfather Mtn. Window in the Blue Ridge Belt. The rhyolite in this area is in the
eastern portion of the Grandfather Mtn. Window and the drainage on the east side of the mountain
flows southeast into the Yadkin River (see inset in Figure 1 8). Therefore, the rhyolite in this area
could not have contributed to the sediments occurring in the GFS.
The geomorphology of the area north and east of the GFS on the Spurgeon, TN topographic
map (Figure 1 9) suggests that the South Fork of the Holston River once ran as far south as the
GFS and/or the Watauga River once ran as far south and west as the GFS. The Spurgeon
Quadrangle map (1 940) was used because it was printed before Boone Dam had been created .
The Boone Dam Quadrangle map has since replaced the Spurgeon Quadrangle. The area north of
the present position of the South Fork of the Holston River has greater relief than the area south of
the river (including the GFS) and lacks solution features, which are abundant in the area south of
the river (including the GFS). The low-order streams to the south of the current position of the
South Fork of the Holston, including those in close proximity to the GFS, all drain to the north or the
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Figure 16: Composite geologic map showing portions of TN, NC and VA, the two source
areas (with dashed outline) and the GFS (solid circle). Scale 1 :500,000 (after Brown, 1985;
Nelson, 1928; and Hardeman, 1966).

38

l!lht- RiYM'
11-h)llt

"""'"·

"'°•., ...,..

t•

,,..... .. ....,

-

... ..

8-.lt.•a11Lo•u li....tvti•

�./ t'"

(.,.)

c.o

i��� ..

EXTR U S I VE R O C K S

� 111 it--

(�1...-1111tc111.. ' .. 1.•11rii1·
,.....,..,. '9rt1 ,,,.,.,,. ,&It""""1 ru »·-a..-,,..,. _,.,, ••••••'•,1d•d
... .__. •J tt·1...,.i.f'_,,.. Jo,
�r ._,,,._iltulit�. ,..,.,. ,
....,Jft;,e /tt ,JM,.,..,c RiT'f'r 4,,/l: 1•rl•,.._.

arh

a,h

,r,1�

t. """ rit- ell.-.,l
,._.,""""'tk ,._, -,,11.,-;ri.:
AJ>0rbyollte

·-- ............,_, _____
Wat-.qa ,ha.I•

lllila.t1 d•·- ,,aii"

C•■-li141a«ta•
� 1,h�-1 •· 1

•.,. .,,�
':;:'.-�r�=�•,��,�,:�rw'r�.!w�fl#•
!:;'!,T�':'.:fJE.r: :r,,a;:.,;;;r
:::,:'1:Ji:1�'/':
'/...,_,,..,
,wira.rn,l••

....

- .., • .,.a,

11

tv• .. ,-.
.,.,.�,,...
,,,. fol,w1,qlf ,..
l,,ut.tl ,a ,ut rii,,t,,,,, .-.�Mwrite --,,1,J..Uto; ••
l"l•t,· Jlid�/f t-.,,,,,.,�ag ia,_...)

.,.-, ..,,_114o.uc,-f'd

...,

.........

., .....,.,

·• .,

Er•l11 �11artzitP
♦ fU , f1-r,... ...... ,i

1t,

I

H ... p, un 11hal..

--" •'

&halo,
1' t>llf1\u,•.
ti,.wak ,,......,1 ....,.,,....,.mt•'

A l '•�rhy11IH�

•"•rl.c

,.,,� �t.t lnr,,; 11,,,t1, u/ J,,,.,., ltu.,.r 1 1t l"rt�•·•
� 9.utrl:-ir,.; I• ri,yi.lutrt ......,, atU.l H)INI

c
.::! ':!,:;:::.:;:; ;r,;t:=�-::;;-;:•-':
t;t!C."
...... )'drl "f/ r;,,,..,•• ,. ..,...,
-

�•...:c=
�-..-r:.i:f:!..1!:t�•,=':,::'M==:::.r.:=.
"t,M/.!:/:..":_�
Ceb

IID-.il Pr

Elbruok

, . � , ,, ,. .. ,. 4.,

ll•it-ol ""arhit..
' -.,c �,. ,..,._..,.,,. .,1 _,,.

litu•tone
ll•NtOllt'
u..,.,.,.,r lil__,_ ...,___,,. - r&,,:I,,...

.,, ltw,..,.,,.. u.. ..,_ •• _,.,_,,,_..,,.. ...,,:
•JIZfwvvlli.....,,....,11ttwtrff}

Figure 17: Portion of VA geologic map, with inset showing Mt. Rogers Fm. and drainage to the South Fork of the
Holston River. Scale 1:5000,000 (Nelson, 1928).
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Figure 18: Portion of NC geologic map, with inset showing the Grandfather Mtn. Window and drainage to the
Watauga River. Scale 1:5000,000 (Brown, 1985).
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Figure 18: Continued.

Figure 19: Spurgeon, TN quadrangle map: showing the Watauga River (coming from the
southeast) and the South Fork of the Holston River (coming from the northeast); also note
the abundant solution features and lower relief southeast of the rivers. Scale 1: 24,000
(USGS, 1940).
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northeast and supply either the South Fork of the Holston River or the Watauga River (Figure 17).
This is further evidence of the migration of the South Fork of the Holston River northward to its
present position. As the rivers migrated, to the north and northeast respectively, they may have
pulled the low-order streams with them. This is significant because rivers in the Appalachians are
typically entrenched.

5. 2 Pa/eoc/imate and Weathering Regimes
The pedogenic features, low-chroma soil colors, Mn and Fe concentrations, observed both in
the field and petrographically suggest that the lower 3m of the paleosols in the SF profile and the
lower 2m of paleosols in the EF profile were formed under wetter conditions than those in the
upper halves of the profiles. These features suggest that for some periods of time the lower
paleosols remained saturated. This could result from a paleoclimate that was at least seasonally
wet or may only be a reflection of local sinkhole hydrology. The dominant pedogenic features in the
upper paleosols however, are illuviated clays which suggest dry conditions. So, there may be a
shift in either temperature or moisture regime. The possible shift in climate noted in the paleosols
from wetter, warmer conditions to drier, cooler conditions is consistent with the GCM and PRISM
climate models, which indicate that Pliocene climate was warmer and wetter than Pleistocene and
Holocene climates (Chandler, 1993, 1994).
5. 3 Integration With Overall History of GFS
Although the majority of elevations for both soil profiles are missing, there are five from the first
steps that were cut into the SF profile. Those.elevations matched perfectly with the measured
depths taken during field excavations. Shunk (2003) interpreted the paleoenvironments of the
lacustrine sediments, which underlie the fluvial deposits and paleosols. In his study a paleoAlfisol
was identified in his subaerial facies, which overlies the organic C-rich laminated facies, that caps
the lacustrine fill. The graded facies extends from 491 m to 496m and grades into the laminated
facies, which ends at 504.7m and abruptly transitions into the paleoAlfisol, which continues upward
through the profile to about 505m. Based on those elevations and the assumption that the missing
elevations also matched the measured depth taken in the field, the top of the paleoAlfisol is 1 m
below the termination of the SF profile, and according to Shunk appears to grade into a paleosol
with similar properties to the paleoVertisol at the base of the SF profile. However, Shunk's
sampling location was several meters to the south of the SF profile, which is important because the
stratigraphy is gently dipping to the south, implying that the elevations taken by Shunk will be lower
than those of the same strata taken at the SF profile. Therefore, the paleoAlfisol may not directly
underlie the paleoVertisol. The paleosols that formed from the fluvial parent material continue from
the top of the paleoVertisol up-section to the modem soil surface at 511.9m elevation. Even with
the combination of data collected by Shunk and myself, there is not quite a continuous stratigraphic
record of sedimentation for the GFS, but it is very close. However, this still allows for interpretation
·of a "big picture" of basin evolution and climate change at the GFS.

The GFS seems to record a shift from the arid climate of the Late Miocene/Early Pliocene to
what may be a monsoon climate during the Late Hemphilian (Shunk, 2003) followed by what may
be a shift to warmer, wetter conditions later in the Pliocene, leading to a cooler, dryer climate in the
Pleistocene and/or Holocene (1.8Ma to present). It is important to keep in mind that there are no
radiometric dates available for any of the sediments at the GFS and the paleomagnetic data are
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only preliminary and provide a wide range of possible dates, as does the faunal assemblage. Even
in the absence of radiometric ages, the GFS preserved a record of sedimentation, pedogenesis
and paleoclimate that extends from the Late Neogene into the Quaternary.
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6. Conclusions
The GFS preserved a record of sedimentation, pedogenesis and paleoclimate that extends from
the Late Neogene into the Quaternary. However, the clay mineralogy of these paleosols is
dominantly kaolinitic, due to deposition and subsequent weathering of detrital kaolinite deposited
during fluvial events and did not result from a water-logged, low pH, organic-rich environment, nor
did it result from extensive in situ weathering/climate. Therefore, the kaolinite contained in the
modern soil and paleosols has no climate significance. The oxidized, chert-rich gravel sediments
that overlie the laminated lacustrine facies are fluvial in origin and contain paleosols that formed
during long periods of geomorphic stability. The fluvial sediments contained both intrabasinal and
extrabasinal grains. The origin of the extrabasinal grains is >50km to the east and northeast of the
GFS. There are two provenance locations for these gravels: the Mt. Rogers Fm. in southwestern
VA and the vicinity west of, and including the Grandfather Mtn. Window in northwestern NC. The
allocthonous grains were transported and deposited by a fluvial system that differs greatly from the
modern drainage pattern, despite extreme entrenchment of most Appalachian fluvial systems.
Transport and deposition of the allocthonous sediment occurred via the paleodrainage of both the
South Fork of the Holston and the Watauga Rivers. The possible shift in climate noted in the
paleosols from wetter conditions to drier conditions may coincide with a change from a warm, wet
Pliocene climate to the cool, dry Pleistocene and Holocene climates.
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7. Suggestions for Future Research

Dating at least some of the unconformities is critical to any further interpretations of the GFS.
OSL dating of the fluvial sediments would permit a greater understanding of the evolution of the
GFS. Paleoclimate changes cannot be accurately interpreted without such dates. However, future
research at the GFS should not be limited to the acquisition of dates. There are other areas that
also need to be explored. The transition from the paleoAlfisol to the paleoVertisol is still poorly
constrained. A complete picture of the stratigraphy would be helpful, as would a complete
horizontal picture, in which the strata in the SF and EF profiles are correlated. Geochemical and
pollen analyses of the paleosols would aid in interpreting the paleoenvironmental conditions in
which they formed. Further insight into provenance changes within the genetic fluvial and paleosol
strata can be gained through sampling of each genetic unit in order to perform point count
estimates on volcanic vs. metamorphic grain types. This may elucidate paleodrainage patterns of
the South Fork of the Holston and the Watauga Rivers. Furthermore, it is probable that there are
other similar sinkhole features and terrace deposits that contain the same fluvial sediments as
those found at the GFS. The topographic features used to identify paleodrainage patterns in this
study, suggest that the floodplain on the west bank of the South Fork of the Holston River in the NE
corner of the Spurgeon, TN quadrangle shows similar evidence for channel migration.
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See attached CD (Plate 1) for Appendix Material.
The CD in the Appendix contains all data collected during research. This includes image files of all
scanned thin section samples, a list of elutriated and smear mount XRD slides, and image files of
all diffractograms. All files have been converted to PDF format for greater accessibility. Simply
insert the CD and select the CD drive from the computers drive menu.
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